relative humidity (RH), with a saturated solution of Mg(NO3)2·6H2O. The films had a final average thickness of 25 ± 5 μm.
Water vapor diffusion coefficient (WVDC)
The photoacoustic (PA) technique was used to determine the WVDC. 7 In the PA experimental setup (Fig. 1 ), a light beam from a 250 W tungsten lamp was mechanically modulated and focused on a cylindrical PA cell with a quartz window at one end. A piece of aluminum foil (12 μm thick) was painted black and attached to the inside of the quartz window to absorb the incident light beam. The opposite end of the PA cell was covered by the sample under study. In this way, thermal waves were used to detect pressure variations occurring in the PA cell. The outside of the sample was exposed to a PVC recipient containing an over-saturated solution of KNO3 providing a constant RH (97%). The pressure fluctuations generated in the PA chamber, due to periodic heating caused by the absorption of the incident light beam in the aluminum foil, were sensed by an electret microphone coupled to the PA cell through a narrow column (1 mm diameter, 5 mm long). The output voltage from the microphone was connected to a lock-in amplifier and finally the PA signal was displayed in a PC as a function of time. The measurements were performed at 24 Hz of light modulation frequency. The basic principle of the photothermal detector of water vapor permeability was reflected by this result. When the reservoir contained a solution at 97% RH, water vapor molecules diffused through the edible film towards the PA chamber.
Accordingly, the molar concentration in the transducer gas was increased proportionally to the amount of diffused water vapor. The pressure fluctuations in the PA cell resulted from the modulated heating of the gas, caused by the periodic diffusion of heat generated in the aluminum foil. The resulting variation in the PA signal amplitude was described in terms of the ratio of the wet-atmosphere pressure to the dryatmosphere pressure,
where Pv denotes the water vapor pressure, P0 and T0 stand for the dry room pressure and temperature, respectively, and <T> is the spatially averaged temperature fluctuation in the PA cell. In particular, <T> can be calculated using the thermal diffusion model of Rosencwaig and Gersho for the production of PA signal 9 for a thermally thin piece of aluminum foil, Eq. (1) can be expressed as
here, β′ is the absorption coefficient of the aluminum foil, I0 is the incident light intensity, σi = (1 + j)(πf/αi) 1/2 is the thermal diffusion coefficient of material i (i = g, w for gas and window in the PA cell respectively), having a thermal diffusivity αi, thermal conductivity ki and length li, and f is the light modulation frequency. As the only RH-dependent factor of Eq. (2) is (1 + Pv/P0), a linear dependence of the PA amplitude on the RH is predicted. As observed from the time evolution of the PA signal amplitude, S, water vapor diffusion, through the edible film, can be described by a first-order kinetic process
where S0 represents the initial PA amplitude, t0 is the time at which RH is changed, ΔS is the PA signal excursion, and td is the sample water vapor diffusion time, given by td = l 2 /(2D).
Here D is the WVDC and l is the sample thickness. By fitting the experimental time evolution of the PA signal to Eq. (3) and taking td as a fitting parameter, it is possible to determine the sample WVDC.
Thermal diffusivity (α)
The open photoacoustic cell (OPC) technique was used to obtain the α of the films. 11, 12 The OPC experimental set up
ANALYTICAL SCIENCES APRIL 2007, VOL. 23 consisted of a 100 mW Ar laser whose light beam was mechanically chopped and directed onto the sample. Because the films were optically transparent, it was necessary to attach 14 μm pieces of aluminum foil to them by using thermal silicon glue. Then the film sample, with the attached aluminum foil, was fixed to an electret microphone input using vacuum grease. The microphone output signal was amplified with a lock-in amplifier, and the PA signal amplitude and phase were measured as a function of chopper frequency (f). The PA signal was generated, in high modulation frequencies, by the thermoelastic bending effect. In the OPC configuration, the thermoelastic bending mechanism predicts a 1/f frequency dependence on PA signal amplitude, which was, in fact, observed in these measurements. 6 In the thermally thick regime, l >> (α/πf) 1/2 , where l is the sample thickness, the expression of the PA signal phase (ϕ) for the thermoelastic signal is shown as follows: 1,13
where z = l(πf/α) 1/2 , indicating that α can be obtained from the frequency dependence of the PA signal phase. The α values correspond to the film with the attached aluminum foil. In order to obtain the thermal diffusivity (αf) of the film, we used Eq. (5), which takes into account the effective thermal diffusivity (α) for a two layer system: 14 (5) where lf and lAl are the thicknesses of the film and aluminum foil, respectively. Also, αf and αAl are the thermal diffusivities of the film and aluminum foil, respectively. Then, from Eq. (5), by taking the αAl value (0.97 cm 2 /s) from the literature, 15 it is possible to obtain finally αf.
Experimental design and data analysis
A central composite design (Table 1 ) of 25 assays with 5 repetitions at the central point, for 3 independent variables and 5 variation levels, was used for the elaboration of the films. All treatments were performed randomly and the data were analyzed by response surface methodology with Design-Expert 5 statistical software (Stat-Ease Inc., Minneapolis, MN). The significance of the mathematical models was tested by using variance analysis (F test) and the effect of the variables was recorded on surface graphs.
Results and Discussion

Water vapor diffusion coefficient (WVDC)
In agreement with the variance analysis of WVDC statistical, significant differences were found among samples (P < 0.05). The regression coefficient of determination (R 2 ) was 0.90, which indicated that the mathematical model (Eq. (6)) was well fitted to the experimental data. Figure 2 shows the PA signal amplitude as a function of time for a typical WVDC experiment, the solid lines in that figure correspond to the best fitting of the experimental data to Eq. (3).
The response surfaces (Fig. 3) showed that the WVDC was favored when the glycerol concentration was increased. The plasticizer, being a hydrophilic molecule, favors the adsorptiondesorption of water molecules. Similar results have been reported in studies of gelatin-based films and gelatin-starchbased films.
16,17
The graphs also indicated that the WVDC values tended to increase with starch concentrations around 0.15% (w/w). However, polysaccharide concentrations higher than 0.15% (w/w) decreased the WVDC. This fact was more evident with high glycerol contents. On the other hand, when pH was increased, the WVDC values increased as well. This is probably because when a pH value is lower than the isoelectric point, the protein denatures, unfolds and solubilizes, exposing its sulfhydryl and hydrophobic groups and such shape probably favors the interaction with polysaccharides forming structures with minor WVDC. 18 At pH 8.5, the interaction among components was reduced due to the proximity to the gelatin isoelectric point (pH 9 -9.5), increasing the intermolecular spaces into the film structure, which would explain the increase in the WVDC. A similar behavior was observed when glycerol concentration was increased in the film.
Thermal diffusivity (α)
The results were statistically evaluated using variance analysis, and they showed a significant F value (P < 0.05) for α analysis. The mathematical model (Eq. (7)) fitted moderately to the experimental data (R 2 = 0.60). The respond surfaces (Fig. 4) indicated that, at pH 3.5, α was increased as starch concentration was increased. On the contrary, at alkaline pH (8.5), higher α values were observed at low starch concentrations. At pH 6 there was less variation in α as compared to acidic or alkaline pH levels. Due to the fact that gelatin was the main component of the films, the pH values influenced greatly the protein structure into the film matrix. Therefore, α was modified principally for pH values. At acid pH, the increase of starch concentration (diminution of proteins) favors the α, due probably to the fact that starch acts like a filling among intermolecular spaces of cationic proteins. Alkaline pH near to the gelatin isoelectric point favored protein aggregation, resulting in higher α value when gelatin concentration was also high. On the other hand, at glycerol concentrations of 0.4% (w/w) and high starch concentrations, α 459 ANALYTICAL SCIENCES APRIL 2007, VOL. 23 decreased, probably as a consequence of a minor protein aggregation. It is important to mention that the thermal diffusivities obtained for these samples are of the same order as the thermal diffusivities found for composed and singlecomponent polysaccharide-based and protein-based films. 1 The materials used for food packaging must have low thermal diffusivity values in order to preserve food thermolabile compounds. Thus, the organoleptic properties and quality of food products could be kept for more time. In this sense the minimum α value (4.5 × 10 -4 cm 2 /s) obtained in this investigation is lower than the α values reported for commercial synthetic polymers: 19 high-density polyethylene (2.3 × 10 -3 cm 2 /s), low-density polyethylene (1.4 × 10 -3 cm 2 /s) and polyethylene terephthalate (1.1 × 10 -3 cm 2 /s).
Conclusions
A proportional increment of the WVDC values occurred when the glycerol concentration and pH values were increased in the samples. The response surface graphs showed that WVDC reached maxima values when the starch content in the samples ranges from 0.14 -0.25%. On the other hand, the thermal diffusivity increased as the concentrations of glycerol and starch were increased, at acid pH (3.5). On the contrary, at alkaline pH (8.5), the thermal diffusivity increased when the glycerol and starch concentrations were diminished. A small variation of the thermal diffusivity values was observed at pH 6, for the same variation of glycerol and starch concentrations. The photothermal techniques were shown to be an effective alternative for the determination of WVDC and thermal diffusivity of edible films.
